Heteronuclear spin interactions in solids and anisotropic liquids can be removed by phase modulated decoupling sequences with frequency sweep, such as SW f -TPPM and its variants. The performance of these sequences in isotropic spin systems with regard to the experimental parameters, phase angle, and decoupler offset is presented here. A comparison is made with other commonly used heteronuclear decoupling schemes in liquids, namely, WALTZ-16, GARP, and MLEV. Also, the trajectories of nuclear magnetization vector of abundant nuclei in a simple spin system during TPPM and SW f -TPPM decoupling sequences are traced out using computer simulations.
Introduction
The interactions between different types of nuclear spins in heteronuclear spin systems lead to the splitting of NMR peaks. Unlike anisotropic liquids and solids, where both dipole-dipole and J-coupling prevail, systems of isotropic liquids show only J-coupling because the secular parts of the intramolecular and intermolecular dipole-dipole couplings average to zero due to rapid tumbling motion of the molecules [1] . Improvement in the spectral quality of rare spins requires decoupling of the abundant spins from the former during the acquisition of NMR signals and needs suitable radiofrequency irradiation schemes [2] . Efficient decoupling over the entire band of proton resonance frequencies is an important factor in determining the resolution and sensitivity in 13 C spectroscopy [3, 4] .
The decoupling sequence called swept-frequency twopulse phase modulation or SW f -TPPM is one of the commonly used heteronuclear dipolar decoupling schemes proposed for application in solid-state nuclear magnetic resonance [5] . It was obtained by varying the pulse duration of another phase-switched decoupling sequence, two-pulse phase modulation (TPPM), where radiofrequency pulses of length alternating between two phases separated by an angle were used [6] . SW f -TPPM works admirably for heteronuclear dipolar decoupling in solid samples [5] and also in liquid crystals [7] . Currently, there exists a family of sequences in the literature [8] [9] [10] [11] [12] [13] [14] based on SW f -TPPM for heteronuclear dipolar decoupling in solids and liquid crystals.
As already remarked, the TPPM and SW f -TPPM family of sequences were originally developed for heteronuclear dipolar decoupling in solid-state NMR. Although the underlying principles of decoupling in isotropic and anisotropic systems are different, it would be interesting to know the behavior of these decoupling sequences in isotropic liquids and to understand their efficiency in removing scalar heteronuclear interactions. The spin dynamics during these sequences can be explored easily in the liquid state because of the smaller interaction strengths and the absence of many body effects.
In this report, an attempt is made to explore the efficiency of SW f -TPPM for heteronuclear decoupling in isotropic systems and compare the results with some commonly used broadband decoupling sequences in liquid state NMR, MLEV [15] [16] [17] , WALTZ-16 [18, 19] , and GARP [20] . Besides the TPPM sequence, the efficiencies of the parent SW f -TPPM and some other phase modulated swept-frequency decoupling schemes derived from SW f -TPPM by decreasing the number of TPPM blocks, namely, SW f -TPPM-7 [13] , SW f -TPPM-6, SW f -TPPM-5, and SW f -TPPM-4, which contains 7, 6, 5, and 4 TPPM blocks, respectively, are compared. The rationale in decreasing the number of TPPM blocks was to bring down the length of decoupling sequence with as little effect on the efficiency and resolution. The efficiency of decoupling was determined in each of these sequences on varying the proton offsets and phase angles.
It can be observed in the literature that the efficiency of a decoupling sequence can be improved by combining different versions of the primitive cycle into extended supercycles in which some of the residual pulse imperfections are compensated [15, 16] . Examples include MLEV [15] [16] [17] , WALTZ [18, 19] , SPARC [21] , and SPINAL [22] sequences. The first two are used in isotropic liquids for removing scalar couplings and the remaining two sequences are designed for solids and liquid crystals to remove mainly the heteronuclear dipolar couplings. The effect of supercycling in the swept frequency phase modulated sequences is already reported for solid-state and liquid crystal NMR [13, 14] . Here, the role of supercycling in the swept frequency phase modulated sequences is analyzed in isotropic liquids using experiments and numerical calculations.
Materials and Methods

Decoupling Schemes.
The scheme for two-pulse phase modulation (TPPM) [12] consists of two pulses of equal length with phases and − . It can be denoted as [ − ] . Generally it appears in the forms 165 {10} and 165 {−10} where 165 implies RF pulse angle and 10 its phase angle in degrees. It should be noted that, for effective performance of TPPM, and are to be optimized.
The SW f -TPPM sequence [5] The multiplicative factors of pulse duration given in SW f -TPPM-11 follow a tangential path and it is possible to make new variants with less number of TPPM blocks keeping the pulse length variation tangential. In this manner, four other sequences are designed. They include SW f -TPPM-7 [13] , SW f -TPPM-6, SW f -TPPM-5, and SW f -TPPM-4, which contain 7, 6, 5, and 4 TPPM blocks, respectively. Their profiles are given in Figure 1 . The numbers plotted on the ordinate in each profile are the multiplicative factors (denoted by f ) that determine the corresponding profile. For example, the SW f -TPPM-7 [13] To analyze the effect of constructing supercycles on the efficiency of swept frequency phase modulated sequences, the parent SW f -TPPM-11 sequence was taken as and a supercycle was made to form where gives the phase inverted counterpart of [13, 14] . Likewise, supercycled versions of shorter SW f -TPPM decoupling sequences SW f -TPPM-7 and SW f -TPPM-4 also were constructed and their performance was studied.
Experimental. Proton decoupled
13 C experiments of benzene dissolved in acetone-d 6 were performed on a BRUKER AV spectrometer at a frequency of 300 MHz for proton. Eight scans were accumulated for each spectrum with 8 k data points in a time of 0.542 s. The FID was Fourier transformed after exponential multiplication with a 1 Hz damping function. The experiments were performed at a decoupler power corresponding to a /2 time of 87.75 s, which corresponds to a decoupler nutation frequency of 2 1 = 2 /(4 × 87.75 s) = 17925 radian s −1 or 1 = 2.85 kHz.
This RF power is typically used at our facility for all 13 C decoupling experiments. The 1 H decoupling pulse powers were calibrated with the DECP90 pulse program. The pulse sequence for DECP90 includes a 90 ∘ 13 C pulse, a delay set to 1/[2J( 13 C, 1 H)] for the evolution of antiphase 13 C-1 H magnetization, and a 1 H pulse whose duration is increased step by step, followed by 13 C detection. When the 1 H pulse length corresponds to a flip angle of 90 ∘ , a null in the detected signal can be observed.
The 13 C NMR spectrum of benzene with proton decoupling is measured as the decoupler radiofrequency offset was varied from 2 to 12 ppm with respect to TMS. The proton resonance frequency is at ∼7.5 ppm and the 13 C resonance appears at ∼128 ppm. Since the RF field strength is constant the bandwidth of the decoupling can be considered as a measure of its efficiency. In the figures, intensity of the decoupled line corresponding to the 13 C resonance of benzene is plotted with successive increments of offset frequencies.
The simulations required to understand and visualize the trajectories of nuclear magnetization vector corresponding to the decoupled nuclei in a simple spin system, benzene during various decoupling sequences, were carried out using a Bloch Simulator. 
, (e) SW f -TPPM-7, and (f) SW f -TPPM-11 sequences. The pulse length, normalized with respect to the central pulse pair of various SW f -TPPM sequences, is plotted against the number of the TPPM blocks in the corresponding decoupling sequence. The ordinate denotes the multiplicative factors that determine the corresponding profile.
Results and Discussion
The efficiency of various SW f -TPPM sequences for heteronuclear decoupling in liquid state NMR is analyzed and the results are summarized below. Experiments were performed with the parent SW f -TPPM-11 and its variants, SW f -TPPM-7, SW f -TPPM-6, SW f -TPPM-5, SW f -TPPM-4, and TPPM. In all these experiments, a constant phase angle of 15 ∘ is used with an RF power of 2.85 kHz. In TPPM, SW f -TPPM-5, and SW f -TPPM-4 the decoupling bandwidth is smaller than for sequences with more number of elements as shown in Figure 2 (a). Since the commonly used broadband decoupling sequences in liquid state NMR are MLEV, WALTZ, and GARP, it is appropriate to compare the efficiencies of TPPM and SW f -TPPM sequences with them. Within the investigated proton offset range, there is almost no change in the intensities of the decoupled 13 C spectra of benzene during MLEV, WALTZ, or GARP decoupling as shown in Figure 2(b) . This indicates that decoupling sequences designed specifically for liquid state applications outperform the TPPM and SW f -TPPM sequences. From this evidence it is clear that TPPM and its variants are inappropriate for heteronuclear decoupling in isotropic systems. Significantly, this is an expected result because TPPM and its variants were designed for decoupling in solids where heteronuclear dipolar couplings dominate.
Experiments were conducted to study the effect of phase angles on the decoupling bandwidth in SW f -TPPM sequences with 4, 5, 6, 7, and 11 TPPM elements. In each case, there exists an optimum phase angle which gives us maximum decoupling bandwidth. For instance, a phase angle of 20 ∘ performs well in SW f -TPPM-11 and SW f -TPPM-5.In case of SW f -TPPM-7, SW f -TPPM-6, and SW f -TPPM-4, 25 ∘ is the optimum phase angle. The results for SW f -TPPM-11 and SW f -TPPM-7 are shown in Figures 3(a) and 4(a) , respectively. In all cases the curves showing the effectiveness of decoupling oscillate with remarkable fluctuations in the intensities, rather than vary monotonically as the phase angle is increased, and show symmetrical depressions athigher values of the phase angles. But there are some points of decoupler offset, away from the on-resonance position which shows enhanced decoupling. For example, in case of SW f -TPPM-11 sequence with a phase angle of 35 ∘ the curve shows depressions in intensity at 5 and 10 ppm in a symmetrical fashion whereas at 4 and 11 ppm there is enhanced decoupling even if these points are away from the on-resonance position as depicted in Figure 3(a) . A similar pattern can be observed in all the other sequences. In this situation let us think about some modifications to the existing sequences. An improvement in the effectiveness of decoupling at the points corresponding to the observed depressions of the curve is expected to give a larger decoupling bandwidth. Generally, improvement in the performance of a decoupling sequence can be achieved by uniting various combinations of the primitive cycle into extended supercycles. When we do so, some of the residual pulse imperfections are compensated. Decoupling experiments with the supercycled sequences show that there is significant improvement in its performance as shown in Figure 3(b) . In this figure, the relative intensities of the decoupled 13 C spectra of benzene using the supercycled SW f -TPPM-11 sequence with different phase angles are plotted as a function of the proton offset frequency. When the supercycled SW f -TPPM-11 sequence is used, the fluctuations in the intensities are suppressed and so is the oscillatory behavior as shown in Figure 3(b) . Now the maximum efficiency of decoupling is at a phase angle of 40 ∘ . The performance of the supercycled sequence at a phase angle of 20 ∘ which was the optimum value of the parent SW f -TPPM-11 sequence is also good, but its effective decoupling bandwidth is lesser than the supercycled sequence with phase angle 40 ∘ as depicted in Figure 3 (b). The case of supercycled sequence of SW f -TPPM-7 is similarly giving a marginal improvement in the efficiency of decoupling as shown in Figure 4(b) . This supercycled version also smoothens out the efficiency curves. The fluctuations in the intensities are suppressed and the oscillatory behavior is vanished as shown in the figure.
Thus, the effectiveness of SW f -TPPM-11 and 7 sequences is marginally enhanced on supercycling, the oscillatory behavior is removed, and the fluctuations in the intensities are suppressed. The price one pays is that these sequences are relatively lengthy and hence new sequences which are shorter are to be preferred. In an attempt to achieve this objective, the efficiency of decoupling for the supercycled SW f -TPPM-4 sequence was studied as a function of phase angle. Even though the sequence fails to suppress the fluctuations in intensities and to give effective decoupling at all the phase angles analyzed, it performs relatively well at the phase angle of 40
∘ . The illustrations are given in the supporting information (see supporting information in Supplementary Material available online at http://dx.doi.org/10.1155/2014/641473).
Simulation Studies.
In the following sections, the trajectories of nuclear magnetization vector of the abundant nuclei in a simple spin system during TPPM and SW f -TPPM decoupling are traced out on the Bloch sphere and compared with those obtained from WALTZ-16, MLEV, and GARP decoupling sequences which are commonly used in liquids for removing heteronuclear couplings. Finally, an attempt has been done to interpret the efficiency of decoupling in correlation with the trajectories of proton magnetization vectors during the implementation of the corresponding decoupling sequences. Figure 5 (a) shows the trajectory of proton magnetization vector on the Bloch sphere subjected to TPPM decoupling with a phase angle of 15 ∘ at a radiofrequency offset corresponding to the proton resonance in a simple spin system, benzene. The magnetization vector starts from + axis, traverses a path downwards over the sphere, and reaches the − -axis as shown. From -, it follows a trajectory upwards over the opposite surface of the Bloch sphere and finally reaches at the initial position. Figure 5 field strength, increased effective field changes the trajectories and the termini start to drift from the + -axis which was the terminating point at the resonance condition. The trajectories of the magnetization vector during TPPM decoupling with different phase angles resulted in similar observations. Figure 6 (a) is for SW f -TPPM-11 decoupling sequence with a phase angle of 15 ∘ at radiofrequency offset corresponding to the proton resonance in the same spin system. The magnetization vector starts from + -axis and traverses a path over the Bloch sphere defined by the 11 pulse pairs. It does not come back to the initial position and ends near the equator of the sphere as shown with the circle. The diagram Figure 6 (b) also depicts the time evolution of nuclear magnetization vector corresponding to the abundant nuclei during SW f -TPPM-11 decoupling. Here, the proton offsets are varied with increments of 50 Hz from the resonance position at an RF power of 2.85 kHz. The region where the trajectories terminate is shown with an ellipse. For each value of the offset, the position at which the trajectory ends is different. Now, we analyze the time evolution of nuclear magnetization vector for the supercycled sequences by taking the example of SW f -TPPM-4. This supercycled sequence is a representative of the behavior shown by all other supercycled sequences and is depicted here because the crowded Bloch sphere in the other cases prevents drawing meaningful conclusions. But, for the supercycled SW f -TPPM-4, the termini of all the trajectories end at the + -axis as shown in Figure 7 (b).
Trajectories of Proton Magnetization Vector during -TPPM Decoupling: A Comparison with MLEV, WALTZ, and
GARP. The group of proton magnetization trajectories, given by SW f -TPPM sequences at the implemented power level of 2.85 kHz, tells that the increased effective field in case of higher values of Δ / 2 changes the trajectories in the parent SW f -TPPM sequences and the termini are drifting as a function of offset. But in the case of supercycled SW f -TPPM sequences, the trajectories of proton magnetization vector always end closer to the starting point at + -axis which was the terminating point at the resonance condition. It should be noted that, at higher RF filed strength, SW f -TPPM based sequences can give better results, but an RF power of 2.85 kHz is sufficient for heteronuclear decoupling in isotropic systems as given by WALTZ-16, MLEV, and GARP schemes. and give efficient heteronuclear decoupling over a wide range of proton offsets.
Role of Phase Angle in
-TPPM Sequences: Numerical Calculations. A careful analysis of the trajectories of proton magnetization vector during parent SW f -TPPM sequences and their supercycled sequences reveals that, in the former case, the magnetization vector rotates according to the specified sequence from + , for instance, as shown in Figures  6(a) and 8(a) . Since the phase angle has a key role in determining the trajectory of proton magnetization vector during the sequence, the final position varies as a function of phase angle. The trajectory ends neither at + nor − during parent SW f -TPPM sequences. But the trajectories traced by proton magnetization vector during supercycled SW f -TPPM sequences always come back and end close to the -axis irrespective of the phase angles. This is illustrated in the supporting information using supercycled SW f -TPPM-4 and SW f -TPPM-11 sequences (see supporting information in Supplementary Material).
Conclusions
The phase modulated decoupling sequences TPPM and SW f -TPPM and the variants of the latter were used for heteronuclear decoupling in isotropic liquids. The effectiveness of decoupling was analyzed for these sequences and compared with the other commonly used decoupling sequences in isotropic liquids such as WALTZ-16, MLEV-16, and GARP. The broadband decoupling sequences that we use in liquid state outperform TPPM based sequences in removing heteronuclear couplings with minimum RF power. The efficiency of TPPM based sequences as a function of phase angles has been experimentally determined. Interestingly, the efficiency 8
International Journal of Spectroscopy of decoupling shows oscillatory behavior rather than a monotonic behavior. It has been noticed that the effectiveness of TPPM based sequences can be improved by combining the parent sequence into supercycles. The supercycled SW f -TPPM-11 and -7 sequences give us enhanced decoupling. The trajectories of nuclear magnetization vector of the abundant nuclei in a simple spin system during TPPM and SW f -TPPM decoupling were simulated on the Bloch sphere and compared with WALTZ-16, MLEV, and GARP decoupling sequences which are commonly used in liquids for removing heteronuclear couplings.
